Background. The term "concealed conduction" is used in electrocardiography when a proximal (atrial or ventricular) impulse penetrates the atrioventricular (AV) node but fails to traverse it completely. Its penetration into the node is inferred by its aftereffects on the propagation of succeeding impulses. Concealed AV nodal conduction is a well-established phenomenon, but its precise cellular and subcellular mechanisms are unknown. It has been suggested that concealed conduction results from a transient impairment of excitability caused by the subthreshold depolarization (ie, electrotonic inhibition) that is elicited downstream of the site of block.
Ionic Mechanisms of Electrotonic Inhibition and Concealed Conduction in Rabbit Atrioventricular Nodal Myocytes
Yaning Liu, MD; Wanzhen Zeng, PhD; Mario Delmar, MD, PhD; Jose Jalife, MD Background. The term "concealed conduction" is used in electrocardiography when a proximal (atrial or ventricular) impulse penetrates the atrioventricular (AV) node but fails to traverse it completely. Its penetration into the node is inferred by its aftereffects on the propagation of succeeding impulses. Concealed AV nodal conduction is a well-established phenomenon, but its precise cellular and subcellular mechanisms are unknown. It has been suggested that concealed conduction results from a transient impairment of excitability caused by the subthreshold depolarization (ie, electrotonic inhibition) that is elicited downstream of the site of block.
Methods and Resuls. We studied the ionic mechanism of electrotonic inhibition and concealed conduction in single myocytes isolated from the rabbit AV node. Cells were paced using just-threshold current pulses delivered at a constant (basic) cycle length of 1 second. Appropriately timed interpolation of a conditioning pulse of depolarizing but subthreshold current led to failure of the subsequent, previously successful activation. The ability of the subthreshold response to inhibit subsequent excitation was increased when the interval between the conditioning and succeeding pulses was shortened, when the amplitude of the conditioning pulse was increased, or when the inward sodium current was blocked by superfusion with tetrodotoxin (30 FaM) . Voltage clamp analysis demonstrated that electrotonic inhibition results from partial inactivation of the transient calcium current (I .T). Similar results were obtained using a mathematical model (Hodgkin-Huxley type) of the AV nodal myocyte. Additional simulations in a linear array of AV nodal cells showed that when a premature impulse fails to traverse the AV node, the subthreshold depolarization elicited downstream of the site of block may lead to a transient reduction of excitability with consequent delay or block of the succeeding impulse.
Conclusions. The overall data strongly suggest that some of the electrocardiographic manifestations of concealed AV conduction are the result of electrotonic inhibition of excitability secondary to a transient decrease in Ic'T. (Circulation. 1993; 88[part 11:1634 -1646 KEY WoRDs * atrioventricular block * calcium channel * ions * atrioventricular node T he term "concealed conduction" was first used in 1948 by Langendorffi to explain the already well-known electrocardiographic phenomenon of cardiac excitation penetrating the atrioventricular (AV) conducting system but failing to traverse it completely.2-5 Penetration of the concealed impulse into the conducting system was usually inferred from its effects on the propagation of subsequent impulses. Langen- dorf's use of the term was initially restricted to explain (1) partial or incomplete forms of antegrade and retrograde AV conduction block whereby a proximal (ie, atrial or ventricular) impulse did not generate a distal response but had an influence on beats that followed it, and (2) to indicate "abortive" AV conduction of a premature junctional beat blocked in both directions but leading to first or second degree AV block."6 Subsequent experimental studies in open-chest dogs7 and isolated tissue preparations8-" provided direct demonstration of concealed conduction in various parts of the conducting system. However, to this date, the precise mechanism of the phenomenon has not been elucidated.
It is well known that when active propagation is interrupted at one point in a conducting pathway, the local circuit (ie, electrotonic) currents responsible for propagation do not die out abruptly at that point but continue to be manifest an appreciable distance away from the site of block. As demonstrated by Antzelevitch and Moe'2 in the sucrose gap preparation, the subthreshold depolarization elicited distally by the blocked response can lead to delay or block of an impulse propagating later in time, an effect that they have called "electrotonic inhibition." On the basis of their results, they suggested that many published clinical examples of concealed conduction may be explained in terms of electrotonic inhibition of excitability (see also Jalife, 1983'3) . Subsequently, inhibition induced by subthreshold stimulation was demonstrated in human hearts. '4"15 Recently, Oreto et alls presented an interesting clinical electrocardiographic trace that they interpreted as being the result of electrotonic inhibition of exit propagation from an idioventricular escape focus by nonconducted sinus impulses. Other investigators have proposed that electrotonic inhibition may prevent ventricular fibrilla-tion16 and that it may also help to explain the mechanism of functional unexcitability in the vortices of reentrant circuits. 17, 18 Electrotonic inhibition of excitability has been demonstrated also in single ventricular myocytes. 19 Indeed, under current clamp conditions in such myocytes, repetitive stimulation with depolarizing current pulses of threshold amplitude may elicit action potentials in a one-to-one manner. Yet, introduction of a brief subthreshold pulse during a single diastolic interval may lead to a transient decay in excitability and even to complete failure of subsequent excitation. The latter phenomenon is in full agreement with the results of Antzelevitch and Moe'2 in the sucrose gap preparation.
Thus, the phenomena of concealed conduction and electrotonic inhibition are ubiquitous in cardiac tissues. However, very little is known about their ionic mechanisms. In the present work, we have carried out current and voltage clamp experiments in single AV nodal myocytes, as well as computer simulations of single AV nodal cells and a linear cellular array, to describe in detail the phenomenon of electrotonic inhibition. We have restricted our analysis to the inhibitory effects of depolarizing pulses that do not generate a response but have an influence on action potentials that follow it, and we have characterized the dependence of such an influence on the coupling interval and amplitude of the subthreshold pulse. Moreover, through voltage clamp experiments we have identified a role for the transient calcium current ICa.T in the mechanism of electrotonic inhibition of single AV nodal myocytes.
Methods

Cell Dissociation and Recording ofAV Nodal Myocytes
The method for dissociation and characterization of AV nodal myocytes has been described in a previous publicationw from our laboratory. AV nodal myocytes of rabbits were obtained from a small piece of right atrial endocardial tissue (3 x 3 mm) located just adjacent to the coronary sinus and designated "portions II to IV" by Kokubun.21 The cells were placed in a recording chamber on the stage of an inverted microscope and continuously superfused with normal HEPES-Tyrode solution of the following composition (in mmol/L): Experimental Protocols Current clamp. In current clamp experiments, action potentials were elicited by square current pulses 10 milliseconds in duration and just-threshold strength, applied at a basic cycle length of 1 second. Threshold current amplitude was defined as the minimum amount of current necessary to maintain a 1:1 activation pattern. Single conditioning current pulses of depolarizing but subthreshold amplitude and 40-millisecond duration were interpolated after every 10th basic beat. The coupling interval was defined as the time elapsed from the onset of the premature conditioning pulse to the arrival of the subsequent basic pulse (see Fig 1A) . By changing the coupling interval and the amplitude of both conditioning and basic pulses, we determined the effects of single subthreshold depolarizations on subsequent basic input.
Voltage Clamp
The possible role of calcium currents on electrotonic inhibition was characterized using the whole-cell voltage clamp technique. Recent studies22-24 have shown that cardiac cells have two calcium current components:
Equations Used in the Computer Simulations the transient calcium current (ICa.T) and the slow (longlasting) calcium current (ICa.L). The fact that ICa.T and ICa.L activate at different voltage ranges allows for their separate characterization by means of specific protocols. In the present study, total calcium current was recorded in the presence of 30 liM tetrodotoxin to block sodium currents. Cells were held at -80 mV and depolarizing voltage clamp steps, 200 milliseconds in duration, were applied to various levels. Subsequently, the voltage dependence of peak ICa.L was determined using a similar protocol but from a holding potential of -40 mV. ICa.T was then obtained as the difference between total calcium current and ICa.L.23'24 Peak inward current amplitudes were measured relative to the current recorded immediately before the end of the depolarizing pulse.24 After recording the calcium currents in control, the protocol was repeated in the presence of a depolarizing conditioning pulse (amplitude, 20 or 30 mV; duration, 40 milliseconds) applied at various intervals in advance of each test voltage-clamp pulse.
Statistical Analyses
Grouped data are expressed as mean±standard error of the mean (SEM). Comparisons were carried out using ANOVA. Differences were considered to be statistically significant when P<.05 (Bonferroni test).
Mathematical Model ofAV Nodal Myocytes
The AV nodal cell model is a modification of the model of the sinus node devised by Yanagihara et al. 25 The original sinus node version consisted of five current components: the sodium inward current INa; the slow inward current Is (or ICa.L); the delayed rectifier potassium current IK; the hyperpolarization-activated current IH (or IF); and the time-independent background current IB. For the present simulations, IK was modified according to Shibasaki's original formulation of the delayed rectifier current in nodal cells.26 A mathematical description of 1Ca.T was found in the results of Hagiwara et al. 23 However, because of the lack of data on the activation time constant of ICaT, we kept this value as half of that of 1Ca.L. In addition, the steady-state voltage dependence was modified in such a way as to reproduce the dependence of peak ICa.T on membrane potential obtained experimentally in our preparations (this was achieved by increasing the slope of activation curve of ICa.T at steady state). Furthermore, since the initial experimental results suggested that the time course of reactivation of ICa.T was significantly longer than that predicted by the equations of Hagiwara et al,23 an additional slow gate (S) was added to the mathematical description of ICa.T current kinetics (see Table) . The background current was modeled according to recent experimental measurements from our laboratory (see Figure 2 of Hoshino et al20). Previous results from this20 and other laboratories2728 have shown that the amplitude of the sodium current that participates in the action potential of the majority of nodal myocytes is very small, particularly as a result of the relatively low resting membrane potential (= -66 mV) in these cells. Thus, unless otherwise indicated, INa was usually not included in the simulations. Finally, the possible role of the hyperpolarization-activated current (IF) on the nodal action potential remains controversial.29,30 How-ever, recent unpublished studies from our laboratory, as well as those from the laboratory of Dr Alvin Shrier (personal communication), suggest that in quiescent AV nodal cells, IF usually activates at voltages more negative than -80 mV. The resting potential of the model cell was -66 mV and, therefore, IF conductance was never activated in our simulations. Cells were made quiescent by adding an empirically formulated, nonlinear bias current (Ibi.). Specific equations for the model are presented in the Table. Propagation of AV nodal action potentials was approximated using a linear array of 100 model cells. To grossly approximate the conditions of low safety factor and extremely slow conduction known to prevail within the AV node, the intracellular resistivity (R) of the 10 cells in the middle of the array (cells 46 to 55) was about 10 times larger than R between cells in the rest of the array (R=0.8 Kfl/cm for cells 1 to 45 and cells 56 to 100; R=7.0 Kil/cm for cells 46 to 55). A no-flux boundary condition was applied to the two end cells (cells 1 and 100).
The mathematical description of electrical coupling was based on cable theory.31 The simulated action potentials were reconstructed using Euler's method of integration with variable time steps. For solving the cable equation, a finite difference Euler method was used with a space step of 100 gum and a time step of 20 milliseconds. Membrane capacitance was 1 ,uF/cm2, and all current amplitudes were expressed in liA/cm2. The model was programmed in C and ran on a Sparc Sun station. Output was displayed using a graphics software package (GRTOOL).
Results
The criteria used for selecting AV nodal myocytes were the same as those previously reported.20 All cells were quiescent and of rounded appearance; chord input resistance (measured between -100 mV and reversal potential) was larger than 100 M£1, and maximum upstroke velocity was smaller than 25 V/s. Action potential parameters measured from 14 cells were as follows (mean±SEM): resting membrane potential. -66±2.2 mV; action potential amplitude, 94+2.5 mV; action potential duration at 90% repolarization, 245 + 18 milliseconds; action potential duration at 50% repolarization, 182+19 milliseconds. Electrotonic Inhibition in Single AV Nodal Myocytes A representative example of electrotonic inhibition recorded from an AV nodal myocyte is presented in Fig  1. The cell was quiescent in the absence of pacing (not shown). As illustrated by the stimulation protocol in panel A, the cell was driven by depolarizing stimuli applied through the patch pipette at a basic cycle length of 1 second. A 1:1 stimulus-response pattern was maintained with just-threshold stimulation strength. Single subthreshold conditioning pulses were delivered once after every 10th basic action potential, and their effects on the succeeding basic response were determined by changing the coupling interval or the amplitude of either conditioning or basic pulse. In panel B, we illustrate the phenomenon of electrotonic inhibition and its dependence on the coupling interval. In the top part, a large subthreshold conditioning pulse applied at a coupling interval of 500 milliseconds (arrow) had no However, as shown in the lower part, when the coupling interval was shortened to 200 milliseconds, the conditioning pulse led to failure of excitation by the subsequent basic input. In panel C, we present data demonstrating that electrotonic inhibition is also dependent on the strength of conditioning pulse. In the top part, a small conditioning current pulse applied at a short coupling interval (arrow) caused only a small delay in the time to peak of the subsequent action potential. However, as shown by the bottom part, electrotonic inhibition was observed when the amplitude of the conditioning pulse was increased. These results demonstrate that a single, properly timed subthreshold depolarization applied during the diastolic interval may lead to transient impairment of excitability and cause a delay or even failure of subsequent excitation. It is apparent also that the effect rapidly dissipates (ie, within one cycle) and the 1:1 pattern is immediately restored.
The ability of the conditioning input to cause excitation failure was shown to be a function of the coupling interval between the conditioning and basic pulses, as well as of the magnitude of the current used for each of the pulses. In 10 of 16 cells, coupling intervals of less than 400 milliseconds were consistently effective in demonstrating electrotonic inhibition within relatively wide ranges of stimulus current amplitudes. When the coupling interval was 400 milliseconds or longer, the conditioning pulse caused excitation failure only at a very small range of current amplitudes or could not cause failure at all. This is further illustrated in the composite graphs presented in Fig 2. In panel A, the ordinate represents the amplitude of the conditioning pulse (normalized to the maximum-subthreshold value) and the abscissa shows the coupling interval. In this case, the amplitude of the basic current pulse was kept constant at just-threshold level. The shaded area represents the range of conditioning current amplitudes within which electrotonic inhibition occurred. Amplitudes smaller than those indicated by the shaded area did not inhibit the subsequent excitation. Panel B shows the relation between the amplitude of the basic pulse (normalized to threshold value in the absence of conditioning pulse) and the coupling interval. In this case, the amplitude of the conditioning pulse was kept constant at the maximum subthreshold level. Clearly, as the coupling interval is abbreviated, electrotonic inhibition can be induced by conditioning pulses of smaller amplitude or for basic pulses whose magnitude is larger than that of diastolic threshold.
In our experiments, 6 cells were found not to be susceptible to electrotonic inhibition. One example is shown in Fig 3. In panel A, a conditioning pulse of maximum subthreshold intensity was applied at a very short coupling interval (upward arrow). This pulse was unable to inhibit subsequent excitation. Consistently, cells that failed to show electrotonic inhibition also had action potentials whose maximum upstroke velocities (Vma.) were significantly larger (19.9+2.8 V/s; n=6) than that of cells in which electrotonic inhibition was readily demonstrable (5.19+0 .44 V/s; n=8). To further study the correlation between Vma. and susceptibility to electrotonic inhibition, the stimulation protocol was repeated before, during, and after superfusion with 30 ,uM tetrodotoxin. As shown in panel B, tetrodotoxin superfusion allowed the demonstration of electrotonic appreciable effect on subsequent activation (asterisk). In each panel, the abscissa represents the coupling interval between the conditioning and basic pulses. On the ordinates, normalized current amplitude is expressed as mean-+SEM (n=4). Shaded areas represent the range of parameters within which electrotonic inhibition was observed. A, Amplitude of conditioning pulses (normalized to maximum subthreshold value) that elicited electrotonic inhibition. The basic pulse amplitude was just-threshold for excitation in the absence ofconditioningpulses. B, Amplitude of the basic pulse (normalized to just-threshold value without conditioning pulse) that allowed for cell excitation in the presence of a conditioning pulse. Conditioning pulse amplitude was kept at a maximum subthreshold level. 
Effects of Conditioning Pulses on ICa.T
The demonstration of electrotonic inhibition in single myocytes allows for the characterization of the ionic mechanisms responsible for the dynamics of the phenomenon. Given the time and voltage characteristics of the effects of subthreshold conditioning pulses under current clamp conditions (see Figs 1 and 2), we have hypothesized that such a mechanism may involve a depolarization-induced partial inactivation of ICa.T. Thus, for the voltage clamp analysis of the ionic mechanisms of electrotonic inhibition, we focused our attention on the effects of brief, small conditioning step depolarization on the peak amplitude of 1Ca.T Panel A of Fig 4 illustrates the voltage clamp protocols used to obtain the peak current-voltage relation of ICa.T. Initially, cells were held at -80 mV and depolarized to various voltages using 200-millisecond voltage clamp pulses. Pulses of the same duration were then applied to the same voltages, but from a holding potential of -40 mV. We shall refer to the inward current recorded from the -80 mV holding potential as total calcium current and to that obtained from -40 mV as ICa.L.23 ICa.T was defined as the difference current obtained from the subtraction of the currents recorded at the two holding potentials.23 Mean peak currents from six AV nodal myocyte experiments are shown in panel B as functions of test voltage from each of the two holding potentials. Panel C depicts the average ICa.T currentvoltage relation. Each data point corresponds to maximum inward current at a given voltage step. ICa.T was activated at -50 mV and reached its maximum at =-35 to -30 mV. Our results show also that ICa.T constitutes about one third to one half of the total calcium current recorded in the AV nodal myocyte. The latter proportion is appreciably larger than that reported for guinea pig ventricular myocytes32 and slightly larger than that observed for sinus nodal cells.23
The magnitude and voltage dependence of ICa.T suggest that it may be an important component of the total inward current responsible for active depolarization of nonpacemaking AV nodal myocytes. Thus, we aimed our studies at the characterization of the effects of brief subthreshold depolarizing conditioning pulses on the amplitude and voltage dependence of ICaT, with the idea that electrotonic inhibition may be the result of effects on this current. For these experiments, ICa.T relations (such as that shown in Fig 4C) were constructed in control and in the presence of a 30-mV, 40-millisecond conditioning pulse preceding each voltage step, applied from a HP of -80 mV. The parameters of the condi- tioning pulse were chosen to approximate the conditions of subthreshold depolarization achieved in the current clamp experiments. The results are shown in Fig  5. In this case, the coupling interval of the conditioning pulse remained constant at 100 milliseconds. Panel A depicts tracings of total calcium current elicited by a voltage clamp step from -80 mV to -35 mV, in the absence (left) and in the presence (right) of a conditioning pulse. Clearly, peak current amplitude decreased when the conditioning pulse preceded current activation. It is also important to note that no sizable inward current was elicited by the conditioning pulse itself, which suggests that, even though the macroscopic current was not activated, channel kinetics were indeed altered by the premature depolarization. In panel B, we present the mean voltage-current relation of ICa.T of three AV nodal cells. The current was normalized to the maximum peak current of each experiment obtained under control conditions. At almost all voltages, introduction of the conditioning pulse caused a decrease in ICa.T. Maximum ICa.T was about 40% lower than the control and threshold for activation was shifted to -40 mV. The experimental protocol was repeated in some cells using a conditioning pulse amplitude of 20 mV. In those cases, a 35% decrease in maximum peak current amplitude was observed (data not shown).
The inhibitory effect of the conditioning pulse on ICa.T was also dependent on the coupling interval. In nine experiments, the peak amplitude of ICa.T for voltage clamp steps to the range of -40 mV to -25 mV was determined in control, as well as following a conditioning pulse applied at various coupling intervals. In Fig  SC, normalized peak ICa.T amplitude is plotted as a function of the coupling interval between conditioning and test pulses. Conditioning pulses applied at coupling intervals between 100 and 200 milliseconds significantly decreased ICaT. The time constant of the fitted curve is 405 milliseconds, which demonstrates that a conditioning depolarization that does not elicit a measurable inward current can nevertheless cause significant longlasting reduction in the macroscopic conductance of the transient calcium channels. Such an effect clearly implicates ICa.T in the mechanism of electrotonic inhibition of excitability.
Electrotonic Inhibition in a Mathematical Model of AVNodal Myocytes
The biological experiments were complemented with computer simulations based on Hodgkin-Huxley type equations for the ionic currents of AV nodal myocytes (see "Methods"). An example of electrotonic inhibition in the model cell is presented in Fig 6A. As in the biological experiment, action potentials were initiated by the application of just-threshold current pulses at regular intervals of 1 second, in such a way as to maintain a 1:1 stimulus-response pattern in the steady state. Application of a single premature subthreshold pulse during diastole (arrow) led to failure of the next scheduled response (asterisk). A regular 1:1 pattern was reestablished in the following cycle.
As demonstrated above for the biological experiments (see Fig 2) , for a given combination of basic and conditioning pulse durations, there is a range of coupling intervals and pulse intensities at which electrotonic inhibition may be demonstrated. In Figs 6B and 6C, we present composite data obtained from numerical experiments showing similar relations. As in the experimental situation, reduction of the coupling interval allowed for the demonstration of electrotonic inhibition with conditioning pulses of smaller subthreshold amplitude (panel B) or on basic pulses whose amplitude was larger than threshold (panel C). In fact, the range of coupling intervals within which electrotonic inhibition was demonstrable in the simulation was similar to that observed in the experiments. It is also important that, as in the experimental situation (see Fig 3) , addition of a sodium conductance to the model drastically reduced the range of parameters within which electrotonic inhibition could be demonstrated (data not shown).
It is our hypothesis that electrotonic inhibition occurs as a result of a time-dependent partial inactivation of ICaT induced by the conditioning depolarizing pulse and, as a consequence, that the amplitude of ICa.T elicited by the subsequent test pulse is smaller than in the control. In turn, the reduction in 1Ca.T and shortage of inward current during the basic pulse should result in failure of activation. We have further tested this hypothesis in voltage clamp as well as action potential clamp33 simulations using the mathematical model of the AV nodal cell. Fig 7 shows Fig 7D. The simulated cell was held at -80 mV, and paired voltage clamp pulses were given as in single cell experiments (see Fig SC) . Conditioning pulses were applied at various intervals with the basic pulse. The plot illustrates the normalized amplitude of the ICa.T elicited by the second pulse as a function of the coupling interval. The model reproduced the slow, monoexponential time course of recovery of 1Ca.T channel observed in the single myocyte. However, in the numerical experiment the time constant is 270 milliseconds.
One of the great advantages of numerical experiments is that they allow for the isolation of individual current components and the flexibility of designing voltage clamp protocols that are unfeasible in the experimental situation. Indeed, although the data shown in Fig 7 suggest that small conditioning voltage clamp pulses do in fact lead to decreases in ICa.T amplitude, a more direct demonstration of the specific effect of subthreshold electrotonic pulses on the ampli- the resulting IC.T was indeed smaller than that elicited by the same action potential in the absence of a conditioning pulse (panel A). In panel D, the traces of ICaT, during the action potential clamp in the absence (continuous line) or in the presence (dotted line) of conditioning pulse are superimposed for comparison. In a separate simulation (not shown), ICa.T was similarly reduced when membrane potential clamping to a justsubthreshold depolarization was preceded by a subthreshold conditioning pulse. Note that the amplitude of ICa.T was larger during the action potential that followed the action potential clamp experiment (panel C) than in control (panel A). The latter resulted from the decreased ICa.T activation observed during action potential clamp. The reduced activation allowed for a more complete reactivation within the same time interval and, consequently, a larger current amplitude in the subsequent response. The simulation results presented thus far show that a properly timed membrane depolarization that fails to activate the cell can still cause partial inactivation of the transient calcium current, and, as a consequence, cell excitability can be temporarily impaired during the succeeding response.
Concealed Conduction and Electrotonic Inhibition in a Cell Array
The biological and numerical experiments presented thus far provide strong evidence that changes in the amplitude of ICa.T play a major role in the ionic mechanism of electrotonic inhibition in the AV nodal cell. Since ICa.T is probably essential in the excitation process of such cells, we postulate that electrotonic inhibition is the mechanism of the main variant of concealed AV nodal conduction, namely, the presence of an abortive form of atrial-to-ventricular or ventricular-to-atrial conduction when "an antegrade impulse does not yield a distal response, and yet must have affected the AV junction because of its influence on subsequent events."34 In an initial attempt to test the latter hypothesis, we carried out additional computer simulations in which "AV nodal cells" were coupled together in a linear array. To simulate the conditions of propagation through the AV junction, the array was divided into three segments: a proximal segment (the "atrium"; cells 1 through 45) of relatively low intracellular resistivity; a middle "AV nodal" segment consisting of 10 cells (46 through 55) having relatively high intracellular resistivity; and a distal segment (the "ventricle"; cells 56 through 100) with low intracellular resistivity (see "Methods"). Membrane potential tracings were obtained for all cells, and "local electrograms" were obtained by plotting the average of the first derivative of the membrane potential of all cells within each zone as a function of time. Cells 1 through 5 in the atrium were paced rhythmically with depolarizing current pulses at a cycle length of 700 milliseconds. In Fig 9, the membrane potentials on the left were recorded from 10 evenly spaced cells in the array; the top, middle, and bottom electrograms on the right were recorded, respectively, from the proximal, middle, and distal segments. During basic pacing (first 5 cycles shown), a 1:1 atrioventricular propagation pattern was maintained. As expected, the largest propagation delay occurred between cells 46 and 55. Note that the AV junctional electrogram presented an RSR'S' morphology, which was the result of the delayed activation of the AV junctional cells that were closer to the distal zone. A suprathreshold premature pulse (downward arrow) applied to cells 1 through 5 propagated successfully through the atrium and activated the first cells of the AV junction but failed to traverse that region completely. As a consequence, the AV junctional electrogram showed an RS morphology, and no activation was apparent in the ventricular segment. The next basic pulse (asterisk) arrived during the diastolic interval that followed the premature atrial activation. The impulse again propagated through the atrium without significant delay. Yet, even though the diastolic interval within the AV junctional region was the same as that of any other basic beat, the subthreshold depolarization that preceded that impulse impaired cell excitability to such an extent as to prevent subsequent activation of more distal elements. In other words, in this simulation, a premature atrial impulse penetrated but failed to traverse the AV junction completely. However, the electrotonically mediated depolarization induced by the blocked impulse was sufficiently large to inhibit excitability of cells distal to the site of block, with the resultant failure of the succeeding impulse to yield a ventricular response. These results conform to the classical electrocardiographic description of concealed AV nodal conduction.1,6
Discussion
The results presented here argue strongly in favor of the idea that electrotonic inhibition is the cellular basis of some of the manifestations of concealed AV nodal conduction.1 '6,34 Moreover, the data provide the first demonstration of the specific role of ICa.T in the dynamic modulation of AV nodal excitability by premature inputs and suggest a plausible ionic mechanism for the regulation of action potential propagation through the AV nodal conducting system. at a coupling interval of 200 milliseconds inhibited ICa.T and resulted in failure of the next scheduled activation. C, After the subthreshold depolarization, the system was switched to voltage clamp mode (point indicated by upward arrow) for 150 milliseconds and the action potential displayed in A was used to voltage clamp the celL D, Superimposed traces of I'T elicited by the same action potential clamp in the absence (continuous line; record from A) and in the presence (dotted line; record from C) of a conditioning pulse.
Limitations of the Single Cell Experiments
Potential drawbacks in the use of single nodal myocytes, whether sinoatrial or atrioventricular, have been discussed in previous publications from our laborato- and distal (cells 56-100). The array was paced proximally through cells 1-5 using depolarizing current pulses (10millisecond duration; -10 pA/cm2 strength) applied at a basic cycle length of 700 milliseconds. A premature pulse (arrow) delivered at a coupling interval of 300 milliseconds was blocked within the high resistance region. The electrotonic manifestation ofthe nonconducted beat inhibited excitation of the subsequent (asterisk) basic action potential. Right, "Local electrograms" from the proximal, middle, and distal regions obtained by averaging the first derivatives of membrane potential of all cells within each region.
ry. 20, 35 The cells used for this study were selected according to our previously established criteria,20 and the interpretation of our data is subject to the limitations inherent to any study in which enzymatically dissociated nodal cells are used. It is important to reiterate, however, that due to the extreme heterogeneity of the AV node and lack of clear landmarks for its dissection, it was impossible to select for specific cells in any of the subregions of the node; namely, AN, N, or NH. 36 Thus, we have used the term "AV nodal cell" generically to indicate any cell dissociated from a specific region located in the lower right atrium, just below the coronary sinus, and designated "portions II to IV' by Kokubun et 
Relevance of the Ionic Model
Although there was substantial agreement between the biological and numerical results both in terms of the dynamics associated with electrotonic inhibition and in terms of the ionic mechanisms, our simulation results D should be interpreted with caution, since the model is far from being an accurate reconstruction of the electrical activity of the AV nodal cell. Indeed, substantial qualitative differences in action potential morphology were apparent between the model and the dissociated cell. For example, the numerical action potential was shorter than that recorded from the myocyte. In addition, the model cell action potential was followed by a brief after-hyperpolarization as well as by slow diastolic depolarization, both of which were not present in the single quiescent myocytes. These discrepancies are a natural result of the fact that little information exists at the present time on the timeand voltage-dependent conductances of nonpacemaking nodal cells. In fact, the equations used for the model are derived for the most part from voltage clamp data of spontaneously beating nodal cells. 25, 26, 37 An additional source of potential discrepancy relates to the possibility that quiescent AV nodal cells may possess specific current kinetics, or specific membrane channels, which are different or absent in pacemaking myocytes. A point in case is ICa.T, which, in our experiments, had its maximum peak conductance shifted to more negative potentials (Fig 4) , and had a slower time course of reactivation ( Fig SC) than previously reported for pacemaking sinus nodal cells.23,33 Given the importance of this current in the dynamics of electrotonic inhibition, the original equations of Hagiwara et a123 were modified to more closely approximate the experimental conditions.
Finally, it should be emphasized that the computer simulations of action potential propagation shown in Fig  9 are not intended to provide an accurate representation of the morphological, geometrical, or electrophysiological complexity of the AV node, but they do represent a multicellular AV nodal structure (ie, a linear array) in which heterogeneous propagation can be studied. Through this somewhat simplistic first approximation, we have demonstrated concealed conduction resulting from electrotonic inhibition of cell excitability. It is certainly possible that the quantitative characteristics of this phenomenon may vary as additional complexities are incorporated into the model. Yet, our data do show that electrotonic inhibition is an intrinsic property of the excitability of the individual myocytes, and it is therefore conceivable that such a property and its consequences (eg, concealed conduction) persist at the multicellular level regardless of the complexities of the actual tissue.
Electrotonic Inhibition: Ventricular Versus AV Nodal Myocytes
Electrotonic inhibition can be demonstrated readily in single AV nodal as well as ventricular myocytes.'9
However, there are at least two important differences in the dynamic behavior of the two cell types that may be relevant to the consequences of electrotonic inhibition in the heart. First, the range of stimulus parameters within which electrotonic inhibition can be demonstrated in ventricular myocytes is substantially narrow-er19 than that of the AV nodal cells. This may result from the larger dependence of the ventricular cell on sodium currents for cell excitation, which, as demonstrated here (see Fig 3) , hampers the ability of the trotonic inhibition in the ventricle coexists with the phenomenon of active facilitation'9 whereby conditioning suprathreshold activation enhances excitability. Consequently, due to a condition of bistability in the ventricular myocytes,38 the effects of electrotonic inhibition are long lasting in such a way that a single subthreshold stimulus can change a 1:1 stimulus-response pattern into a 1:0 pattern. The AV node, in contrast, does not show active facilitation, and, therefore, excitability is usually readily restored after the first failure that follows the subthreshold conditioning pulse (eg, Fig 1) . It is likely that such behavior underlies the ability of the AV node to sustain more stable, periodic dynamics, such as Wenckebach periodicity, which are difficult to demonstrate in the ventricular cells. 39, 40 Ionic Mechanisms of Electrotonic Inhibition in the AVNodal Myocyte We have postulated that electrotonic inhibition in AV nodal myocytes results primarily from partial inactivation of ICa.T. This hypothesis was based initially on two major pieces of evidence: First, the large magnitude of ICa.T in these myocytes (see Fig 4) suggested that this current was an important component of total inward current. Second, our initial voltage clamp results showed that a brief conditioning depolarizing voltage pulse could cause a transient reduction in the amplitude of 1Ca.T, even though no measurable active current was elicited by the conditioning pulse (see Fig 5) . Thus, we hypothesize that the effect of the conditioning depolarization is to displace the inactivation gate toward its closing state, even without reaching a voltage level at which the activation gate would open. Upon repolarization, the inactivation gate moves back toward its fully open state, but the subsequent pulse arrives before the recovery from inactivation is completed. The final result is a peak current of smaller amplitude. According to this premise, under current clamp and during critical conditions of stimulus amplitude, a brief depolarization that fails to activate the cell may nevertheless inactivate ICa.T partially. Subsequently, an otherwise suprathreshold pulse, occurring before complete reactivation of ICa.T, may fail to generate an active response because of a reduced availability of inward current needed to depolarize the cell. The experimental results presented in this paper provide strong support to the above conjecture by demonstrating that (1) the amplitude of the transient calcium current can be modulated by premature depolarization, (2) the time course of such modulation is compatible with the diastolic time window during which electrotonic inhibition is permissible, and (3) when the numerical parameters extracted from the biological preparations are incorporated into a mathematical model, electrotonic inhibition is readily demonstrated, and its presence is directly associated with a decrease in ICa.T (see Fig 8) .
The possibility that other current systems contribute in one way or another to the phenomenon of electrotonic inhibition cannot be dismissed. In our opinion, the most directly relevant membrane currents in the present context would be INa, IF, ICa.L, and IK. With regard to INa, it is clear from the results shown in Fig 3 that the presence of this current may mask the inhibitory effect of the subthreshold response. This is not surprising since INa makes the cell more excitable and its upstroke subthreshold pulse to inhibit excitability. Second, elec-less dependent upon input resistance or ICa.T amplitude.
IF has been suggested to be responsible for electrotonic inhibition in Purkinje fibers.12 Yet, this current does not seem to operate at the voltage range of the diastolic potential of quiescent AV nodal cells, which raises some doubts about a possible role of IF in the phenomena in question. The excitation threshold for IC.L is significantly less negative than that of ICa.T. Moreover, the voltage dependence of steady-state inactivation of 1Ca.L suggests that its inactivation gate is fully open throughout the entire range of potentials studied in the present experiments.23 Thus, it is improbable that conditioning depolarizations such as those used in this study significantly affect IC.L kinetics. Finally, with regard to the delayed rectifier current, previous experiments in guinea pig ventricular myocytes have shown that diastolic excitability is modulated by the long time course of deactivation of IK.40 In the present experiments, electrotonic inhibition was demonstrated in some cases at preconditioning intervals (ie, those intervals separating the last successful basic pulse from the conditioning pulse) that were within the range of IK deactivation, and thus this current was probably involved in the mechanism of the phenomenon at those intervals. Experimental proof of this hypothesis, however, would be extremely difficult to accomplish since it would involve analysis of IK conductance changes near the resting potential, where there is almost no driving force for the current. Moreover, electrotonic inhibition also occurred at conditioning pulse intervals that were much longer than those expected for complete deactivation of IK. Under such conditions, the phenomenon may be easily explained on the basis of changes in the kinetics of 1Ca.T.
Electrotonic Inhibition as a Mechanism of Concealed Conduction
The phenomenon of concealed conduction has been a matter of study by clinical and experimental electrocardiologists for almost a century (see Pick and Langen-dorf34 for a complete list of references). The event was discovered for the first time in 1894 by Engelman2 and later studied by Erlanger3 in reference to the occurrence of heart block. In 1925, Lewis and Master4 showed experimentally that during 2:1 AV block, the conduction time of propagated impulses was longer than that during 1:1 transmission at half the atrial frequency. Two years later, Kaufmann and Roth-berger41 reported a clinical electrocardiographic trace of atrial flutter with 2:1 AV block and alternation of ventricular cycle length. In their interpretation, both groups of investigators assumed that alternate blocked impulses penetrated the AV node and somehow altered the conditions of propagation of their respective immediately succeeding impulses. A number of investigators had since observed similar phenomena but it was not until the studies of Langendorfl and Langendorf and Pick6 that the concept of concealed conduction was firmly established in electrocardiology.
A wide variety of phenomenology has been described as consequences of penetration of impulses that do not emerge from the AV node (for review, see Pick and Langendorf34). Some of these include: delay of conduction of a succeeding propagated response, block of a succeeding atrial impulse that occurs at a time when the AV node should have been excitable, delay of the expected discharge of an AV nodal pacemaker, etc. It is clear that when an impulse penetrates the AV node but fails to traverse it completely, at one point it becomes subthreshold for cells located distal to the site of block. This subthreshold event does not die abruptly but may be manifested in the distal cells as an electrotonic depolarization at a distance that depends on the membrane resistance and the degree of electrical coupling among cells. As was demonstrated initially by Antzelevitch and Moe'2 in the Purkinje fiber-sucrose gap preparation, and confirmed by our current clamp and numerical experiments in models of AV nodal cells, many of the phenomena described in terms of concealed conduction may be a consequence of the inhibitory action of subthreshold electrotonic potentials on subsequent responses. Thus, electrotonic inhibition is particularly relevant to explain the clinically observed phenomenon of concealed AV conduction. Indeed, as in the AV node, subthreshold potentials may result in delay of excitation or even failure of responses occurring later in time, which suggests that at least some variants of concealed AV conduction may be explained in terms of electrotonically mediated reduction of ICa.T.
Conclusions
The results presented here show that electrotonic inhibition is an intrinsic property of the excitability of nonpacemaking AV nodal myocytes. Our results show also that electrotonic inhibition may result, at least in part, from partial inactivation of the transient calcium current during the subthreshold response. Furthermore, our computer simulations strongly support the hypothesis that electrotonic inhibition is the cellular substrate underlying concealed AV nodal conduction. These data provide new insight into the understanding of the cellular and subcellular mechanisms of a well-known electrocardiographic phenomenon and provide a possible direction that may lead to its prevention or treatment.
